Humans are the sole reservoir of Neisseria gonorrhoeae, an organism which undergoes a marked increase in metabolic rate after exposure to a low-molecular-weight, heat-stable component(s) of human serum. Further studies on the effect of serum on gonococcal metabolism were undertaken. Gonococcal broth (GCB) is commonly used for in vitro cultivation of gonococci. Gonococci suspended in GCB plus 10% serum exhibited oxygen consumption rates of 139% (P < 0.01) and 456% (P < 0.01) of those suspended in GCB or Hanks balanced salt solution, respectively. A twofold increase in growth rate also resulted from the addition of 10% serum to GCB. Gonococcal '4C-labeled adenine incorporation increased threefold with 10% serum supplementation of Hanks balanced salt solution. Dialysis of serum in 1,000-molecular-weight exclusion tubing removed the stimulatory factor(s). Neither correction of anion-cation concentrations altered by dialysis nor addition of substances of known importance to the metabolism of gonococci (i.e., lactate, pyruvate, cysteine, ATP, AMP, NADPH, amino acids, malate, and glutathione) to dialyzed serum reconstituted stimulatory capacity. The effect of serum on gonococcal glucose-catabolic pathways was measured by modified radiospirometry. An apparent threefold increase in Entner-DoudorofT and pentose phosphate pathway activities was induced by 10% serum, as was the increased shunting of glucose-derived glyceraldehyde-3-phosphate into these pathways. These metabolic changes did not allow specific identification of the serum stimulatory factor(s). Acetate, the major by-product of gQnococcal glucose catabolism, inhibited gonococcal oxygen consumption as previously reported. A high-molecular-weight serum component, probably albumin, reversed acetate-mediated inhibition of gonococcal oxygen consumption, identifying a second mechanism by which serum increases gonococcal metabolism. These results suggest that supplementation of growth media with serum should be considered to provide N. gonorrhoeae with-conditions more consistent with its normal environment.
Humans are the only reservoir of Neisseria gonorrhoeae, an organism responsible for both mucosal and disseminated infection (3) . Common sites of gonococcal infection must provide factors critical for gonococcal growth. Serum has traditionally been viewed as an important component of host defense against bacterial pathogens. However, previous work from our laboratory has shown that gonococci exposed to serum undergo an immediate increase in their metabolic rate as reflected by a fourfold increase in oxygen consumption and adenine incorporation as well as by a threefold increase in glucose utilization (6) . Vaginal mucosal secretions and ascitic fluid show similar stimulatory capability (5) . Stimulatory activity persists despite heating (56°C for 30 min) or boiling of serum before use. However, serum which has been dialyzed overnight in 3,500-molecular-weight exclusion tubing against Hanks balanced salt solution (HBSS) is no longer stimulatory. Its identity and mechanism of action remain unclear, although KCN prevents gonococcal responses (6) .
A serum factor with characteristics similar to those associated with metabolic stimulation is able to induce an alteration in gonococcal outer membrane phenotype and neutrophil association (2) . Other investigators have reported the ability of serum factors to influence the susceptibility of N. gonorrhoeae and of Haemophilus influenzae to serummediated killing (1, 20, 21, 26, 27, 30) . These observations suggest that gonococcal response to local environmental factors could be important in pathogenesis. Much is known about the physiology and metabolism of N. gonorrhoeae (4, 9-14, 18, 22-25, 32) , facets of which are influenced in vitro by a variety of exogenous factors. In this report, we explore the effect of serum on gonococcal growth and glucose and oxygen metabolism, further characterize the serum stimulatory factor(s), and examine the implications of these observations on the cultivation of N. gonorrhoeae for studies of pathogenesis.
MATERIALS AND METHODS
Preparation of log-phase gonococci. N. gonorrhoeae FA19 (serum resistant) was subcultured daily on gonococcal broth (GCB) agar (GC medium base; Difco Laboratories, Detroit, Mich.) containing 1% Kellogg defined supplements 1 and 2 as previously described (17) . Opacity was determined and piliated colony variants were identified by using the criteria of Swanson et al. (31) . A nonpiliated opaque strain of FA19 was used in all experiments.
Gonococci were grown to log phase by inoculation of GCB agar colonies into GCB (Difco) containing 2 (28) .
Glucose utilization. Pathways of gonococcal glucose utilization were determined by using a modification of a previously described procedure (6) . Briefly, 108 log-phase gonococci suspended in phosphate-buffered saline (PBS) or in 0.9% saline (NS) were added to 25-ml Erlenmeyer flasks which contained 0.5 ml of either , [3,4-14C] glucose, or [6-14C] 
RESULTS
We have previously shown that N. gonorrhoeae suspended in HBSS undergo a marked increase in oxygen, adenine, and glucose utilization after exposure to pooled human serum, the rates increasing in a dose-dependent fashion to a serum concentration of 10% (6) . These metabolic events can be demonstrated in opaque, transparent, piliated, and nonpiliated colony variants as well as in gonococcal strains isolated from. local or disseminated sites of infection (6) .
Serum supplementation of standard gonococcal growth broth. Serum appears to provide a factor important to gonococcal metabolism. Accordingly, we evaluated the effect of serum supplementation of a commonly used gonococcal growth broth (GCB plus 2% Kellogg'defined supplements 1 [glucose, L-glutamine, cocarboxylase], 1% 2 [Fe(NO3)3], and 1% 3 [NaHCO3]) on several parameters of gonococcal growth and metabolism. Oxygen consumption rates for log-phase gonococci suspended in GCB were 321 ± 49% (mean ± standard error, n = 4; P < 0.05) of those in HBSS (Fig. 1) . Addition of 2, 1, and 1% Kellogg supplements 1, 2, and 3 to GCB did not increase oxygen consumption rates (Fig. 1) . Gonococci in GCB supplemented with 10% serum exhibited oxygen consumption rates of 139 ± 7% (mean ± standard error, n = 4; P < 0.01) of gonoco%ci in GCB alone and 456 ± 90% (mean ± standard error, n = 4; P < 0.01) of those in HBSS (Fig. 1 (Fig. 3 ).-Calculated ma,cromolecular
["'C]adenine incorporation for gonococci in GCB or GCB plus 10% serum was less than that for gonococci in HBSS (Fig. 3) . It seems likely that GCB contains a large adenine pool which competes with "'C-labeled adenine for macromolecular incorporation, precluding interpretation of these latter results.
Pathways of glucose utilization after serum exposure. N. gonorrhoeae glucose metabolism occurs chiefly via the Entner-Doudoroff and pentose phosphate pathways (11, 23, 25) , although the organism is capable of Embden-Meyerhof and tricarboxylic acid pathway activity as well (9, 11-14, 18, 23) (Fig. 4) . Previous work has shown that serum induces a threefold increase in gonococcal glucose utilization relative to HBSS (6) . Activity of each glycolytic pathway is influenced by several different regulatory compounds. Determination of the glycolytic pathway(s) stimulated by serum could provide important clues to the nature of stimulatory factors. Each pathway generates CO2 from specific carbon atoms of the glucose molecul,e (Fig. 4) gonorrhoeae. Contained within each box are the glucose carbon atoms from which the CO, generated from that pathway are derived. Of note is that, because of the activity of an isomerase reaction, the carbon atoms from carbon positions 1 and 6, 2 and 5, and 3 and 4 become indistinguishable at the point of glyceraldehyde-3-phosphate production. Subsequent catabolism of this compound, therefore, leads to equal CO, production from C-3 and C-4, C-2 and C-5, or C-1 and C-6.
lows identification of the relative activity of the various glycolytic pathways (11, 16, 25, 33) . Accordingly, gonococci were incubated for 30 min in the presence of [1-'4C]glucose, [3,4-14C] glucose, or [6-'4C]glucose; 14CO2 generation was measured. Phosphate containing (PBS) and non-containing (NS) buffer systems were both studied because of a previous report suggesting that may influence gonococcal glycolytic pathway activity (11) .
Yield of gonococcus-derived 14CO2 from each carbon position was C, > C3,4 > C6 regardless of buffer system (Table 1) . Gonococci suspended in NS exhibited 10-fold lower glycolytic activity relative to those suspended in PBS ( Table 1) . Addition of 10% serum to PBS induced a three to fourfold increase in 14CO2 generation from all three [14C]glucose molecules ( Table 1 ). The supplementation of NS with 10% serum resulted in CO2 generation equivalent to that with PBS plus 10% serum (Table 1 ). This represented a more substantial increase relative to NS than to PBS because of the lower activity seen with unsupplemented NS (Table 1) .
The increased CO2 production from C1 and C3,4 iS consis- a For all glucose isotopes, 10% serum induced a significant increase in 4CO2 recovery with both PBS and NS (n = 3 to 10; P < 0.001). Addition of 10%o serum to PBS reduced 41CO2 recovery from [1-_4C] tent with increased activity of the Entner-Doudoroff and pentose phosphate pathways (Fig. 4) (11, 23, 25) . Gonococcal C6 utilization could increase as a consequence of increased tricarboxylic acid cycle activity. Alternatively, C6 may be inserted into the C, position of glucose-6-phosphate derived from glyceraldehyde-3-phosphate, yielding CO2 from the original C6 atom with further pentose phosphate or Entner-Doudoroff pathway activity (Fig. 4) Mechanism(s) of serum effect on gonococcal metabolism. Several investigators have reported that fatty acid by-products of gonococcal catabolism inhibit subsequent growth and metabolism (22, 32) . Acetate is the principal product of gonococcal carbohydrate metabolism (11, 23) . Consistent with previous reports (22, 32) , addition of exogenous acetate to HBSS decreased gonococcal 02 consumption in a dosedependent fashion, independent of pH change, which is also known to influence gonococcal metabolism (23) (Fig. 5) . Gonococci suspended in HBSS containing 0.010 N acetate (pH 4.0) showed no oxygen consumption, whereas those suspended in HBSS whose pH had been decreased to 4.0 by the addition of HCl had oxygen rates only mildly reduced relative to control. Addition of 10% serum negated the inhibitory effect of low acetate concentrations, resulting in oxygen consumption rates near those induced by serum in the absence of exogenous acetate (Fig. 5) . As acetate concentrations were increased, greater serum concentrations were necessary to stimulate gonococcal oxygen consumption (Fig. 5) . Serum which had been dialyzed to remove the low-molecular-weight factor(s) responsible for stimulation of gonococcal metabolism and addition of bovine albumin to HBSS at protein concentrations found in serum were able to reverse the acetate effect, returning 02 consumption rates to nearly those of HBSS controls (Fig. 5) .
Nature of serum factor(s) stimulating gonococcal metabolism. The dialysis procedure previously used to remove the stimulatory factor (6) was repeated by using 1,000- molecular-weight exclusion tubing. This also resulted in "inactivation" of the retentate (Table 2 ). An "add back" strategy was then employed in an attempt to identify the serum factor(s) responsible for bacterial stimulation. We first examined the effects of dialysis on concentrations of specific anions and cations. Na+, K+, Cl-, and Mg2+ concentrations were essentially unchanged. Dialysis elevated the serum P042-concentration from 3.7 to 9.2 mg/dl of serum. Addition of P042-to normal serum to achieve the postdialysis concentration did not reduce serum stimulatory capacity (Table 2 ). Ca2' and bicarbonate concentrations were reduced from 9.7 mg/dl of serum and 21 meq/liter of serum to 7.3 mg/dl of serum and 1 meq/liter of serum, respectively. Correction of these ion concentrations did not reinstate stimulatory activity to dialyzed serum (Table 2 ).
We next examined a variety of low-molecular-weight factors known to influence gonococcal metabolism. Cysteine is critical for gonococcal growth (4), and pyruvate and lactate may serve as gonococcal energy sources in the absence of glucose (9, 25) . Simultaneous addition of concentrations of these substances found in serum to dialyzed serum did not renew stimulatory activity (Table 2) . A variety of amino acids are required by different gonococcal strains for growth (4) . Concomitant addition of all essential and nonessential amino acids as well as cocarboxylase (thiamine) to dialyzed serum in physiologic concentrations was ineffective (Table 2 ). Malate and NADH have been reported to stimulate gonococcal oxygen consumption via a KCNsensitive cytochrome system (18) . NADPH and glutathione play important roles in oxygen metabolism (7, 19) , and ATP and AMP concentrations are known to influence rates of glucose in other biological systems (19) . Addition of these compounds to dialyzed serum at physiologic concentrations was similarly unsuccessful in reestablishing stimulatory activity (Table 2) .
The role of lipids other than fatty acids as factors in gonococcal metabolism has not been extensively investigated. Removal of serum lipids by chloroform extraction resulted in a slight but statistically significant (P < 0.05) decrease in serum-induced stimulation of gonococcal oxygen consumption (Table 2 ). However, this probably represents toxicity of residual chloroform, as HBSS treated with chloroform in a similar fashion also lowered gonococcal metabolism (Table 2) .
Smith et al. have reported that a heat-and acid-labile low-molecular-weight serum factor is able to convert gonococci from serum sensitive to serum resistant (20, 21) . This factor appears to be a glucopeptide derived from lysed erythrocytes (26, 27) . Hemolyzed erythrocytes added to HBSS did not increase gonococcal oxgen consumption (Table 2).
DISCUSSION
In this work, we set out to categorize the impact of serum on the growth and metabolism of N. gonorrhoeae. This goal seems important, since N. gonorrhoeae is an obligate human pathogen with no other natural reservoir. Previous work has demonstrated that exposure to a low-molecular-weight heatstable factor in human serum initiates an immediate increase in gonococcal metabolism (6) . Vaginal mucosal secretions and human ascitic fluid have similar effects (5) .
Gonococcal growth broth (GCB plus Kellogg defined (17) supplements 1, 2, and 3) is used in many laboratories as an optimal growth medium for N. gonorrhoeae. As expected, gonococci suspended in GCB demonstrated oxygen consumption rates three times those of gonococci suspended in HBSS. Addition of Kellogg defined supplements, including iron, to GCB had little effect. However, serum appears to provide a factor not present in this artificial medium which is important to gonococcal metabolism. Addition of 10% serum to GCB yielded gonococcal oxygen consumption rates 139% of gonococci in GCB alone and induced a twofold increase in gonococcal growth. Serum also increased macromolecular ['4C]adenine incorporation for gonococci in HBSS, providing direct evidence for increased gonococcal metabolism and indirect evidence for gonococcal replication.
Quantitation of 14CO2 generated from glucose selectively radiolabeled at different carbon positions has been routinely utilized to determine glycolytic pathways for various microorganisms (11, 16, 25, 33) . Consistent with previous reports (11, 23, 25) , gonococci suspended in PBS or NS appeared to rely on a combination of the Entner-Doudoroff and pentose phosphate pathways as their principal mechanisms of glucose catabolism. Serum markedly stimulated the activity of both pathways, as reflected in 14CO2 production from [1- 14C]glucose and [3,4-14C] glucose. An increase in C6 utilization was also noted; this could be attributed to the recycling of glyceraldehyde-3-phosphate through the pentose phosphate or Entner-Doudoroff pathways or both (11, 16, 25, 33 comparable pH (4.0); P < 0.02. t, Significant increase relative to control (P < 0.001); tt, significant increase relative to control (P < 0.02); ttt, significant increase relative to control (P < 0.05); *, significant decrease relative to control (P < 0.05); * significant decrease relative to control (P < 0.01).
ing acetate (the major by-product of gonococcal glucose catabolism), have been previously shown to reduce gonococcal growth and oxygen consumption (22, 32) . Our results show that this inhibition can be reversed by serum through the binding of acetate to serum proteins. Therefore, serum increases gonococcal metabolism by providing a factor which stimulates directly as well as a separate factor which inactivates inhibitory influences.
The identity of the serum factor(s) responsible for the direct stimulation of gonococcal metabolism remains unclear. This factor is heat and acid stable and has a molecular size of <1,000 daltons. Anion-cation concentration changes induced by the dialysis procedure do not account for the resulting loss of stimulatory capacity in serum. Amino acids, thiamine, pyruvate, lactate, malate, and NADH are known to increase gonococcal growth or to stimulate metabolism (4, 9, 18, 23) and have molecular sizes of <1,000 daltons. Neither these compounds nor NADPH, ATP, AMP, or glutathione (which are of known importance to oxygen and glucose metabolism in other biological systems) (7, 19) reconstituted stimulatory activity when added to dialyzed serum at concentrations found in normal human serum. These results suggest that an add-back strategy is unlikely to allow final determination of the serum factor(s) important to gonococcal metabolism.
Smith et al. have previously reported that a heat-and acid-labile low-molecular-weight factor in human serum and genital secretions is able to induce resistance to antibodycomplement-mediated killing in formerly serum-sensitive gonococcal strains (20, 21) . This factor appears to be a glycopeptide derived from erythrocyte membranes (26, 27) .
The inability of erythrocyte lysate to induce a gonococcal metabolic burst and the heat and acid stability of our metabolic factor(s) would suggest that these are two separate substances.
Anderson et al. have reported that a heat-stable lowmolecular-weight serum factor induces serum resistance in vitro and increases virulence in an animal model among strains of H. influenzae type b (1, 30) . Only further clarification of the identity of this factor and of ours will determine their relationship to one another.
Historically, serum has been viewed as a major component of host defenses against bacterial pathogens. Serumderived complement and immunoglobulins may cause lysis of certain bacterial strains in vitro, and may provide opsonins which enhance ingestion of bacteria by phagocytic cells (15) . However, the role of serum in defense against gonococcal infection is unclear (3). Most gonococcal strains responsible for both mucosal and disseminated infections are resistant to antibody-complement-mediated killing by normal pooled serum (29, 34) . In focusing on the mechanisms by which serum and mucosal secretions protect the host from infection, the incredible adaptability of pathogens such as N. gonorrhoeae has to some extent been overlooked. On the basis of our work (2, 5, 6) and that of other investigators (1, 20, 21, 26, 27, 30) , an alternative view of the interaction between serum and N. gonorrhoeae appears warranted. These organisms are capable of a variety of rapid and dramatic changes in response to components of their microenvironment. Exposure of bacteria to serum and mucosal secretions may promote metabolic and structural changes which enhance their resistance to several host defenses. Supplementation of artificial growth media with serum should be considered to provide conditions which allow gonococci to grow in a fashion more consistent with their natural milieu.
